An environmental study was conducted in 193 stream sediments and 355 soil samples collected in the lower section of Guadiana River Basin to evaluate the trace elements transfer from one compartment into another. The objective was to evaluate the dispersion of Pb, Cu, Zn and other chemical elements resulting from upstream mines into the lower N-S sector of the Guadiana River Basin to the Atlantic Ocean. The area partly includes the Iberian Pyrite Belt, a known volcanogenic massive sulphide (VMS) province with important mining activity history. Median concentrations of the elements Cu, Pb, Zn, Al, As, Ba, Br, Ca, Mg, Mn and Na are generally higher in the studied sediments than in soils. Soils are normally acidic and mobility of elements is in these conditions higher. When the relations between upstream soils and downstream sediments were established, median values were higher in the upstream soils only for elements such as Co, Ni, K, Pb, Mn and Ti, probably the less mobile, and the Cu, Zn, Al, As, Ba, Br, Ca, Cr, Fe, Mg and Na have highest concentrations in the downstream sediments. Lead was considered the less mobile element and Zn the highly mobile of the base metals in the mining area of the lower Guadiana River. Dispersion of the metals, considering the studied soil and sediment samples is partially restricted to the mining areas or downstream sediments but close to the mine sources, where ore tailings and acid waters occur. Near the mouth, concentrations of As, Cu, Pb and Zn increase in relation with mining and other pollution sources. Interaction with salt water forces chemical elements precipitation from water and subsequent increase of their concentration in sediments. This may be the reason for the increase of those chemical elements concentrations in the sediments.
carries an environmental legacy that was not overcome yet; this way the soils in the vicinity of these mines are still polluted. Nevertheless, studies developed by Chopin and Alloway (2007) show that in Rio Tinto, Tharsis and in the surroundings of Huelva smelter, one of the greatest smelters in the world, the elevated concentrations of trace metals usually present in the massive sulphide ores are only restricted to nearest the mines and smelting areas. Nevertheless, one have in mind that background or natural concentrations may not be possible, in broader areas, due to the long history of mining that introduced an important footprint in the regional environment.
The mobility of solid phases from soils to sediments depends on the physiographic characteristics of the basin, such as topography, land use and vegetation cover (Rose et al., 1979) . Chemical elements can be mobilized from the mining areas by physical processes associated to particulate matter, transported in suspension, or even, as chemical species in solution and later deposited in sediments or precipitated, respectively. The resistance of the ore minerals to weathering is important in exploration studies and their susceptibility to weathering increases from carbonates-silicates-oxides to sulphides. Sulphides are the most important mineralizations of the Iberian Pyrite Belt, which contribute to release and spreading of base metals by weathering processes. These conditions are very heterogeneous in the lower sector of the Guadiana River Basin where the marine influence is observed far upstream. Dams and small reservoirs play an important role in preventing the downstream movement of sediments. In the Guadiana River basin, there are several dams some with 60000 square kilometres of area while others are small reservoirs less than five square kilometres of area.
The mobility of Pb in the soils and sediments of Guadiana basin was also studied during a survey included in the UTPIA/SP5.P9/02 INTERREG IIIA project, which comprised an area located in the lower sector of the Guadiana basin (Batista et al., 2007) . The results of that study showed that, in case of soils and sediments, mobility of Pb was restricted to the mining districts or to the mouth of the river. Several other studies were published where mobility of Pb and its source was traced until the Atlantic Ocean in different media, river water, stream water, stream and estuarine sediments, bivalves of fresh and marine water, recurring to chemical and isotopic analysis (Batista et al., 2010; Company et al., 2008; Delgado et al., 2010; Pérez-López et al., 2010) confirming that Pb, although in low concentrations, shows a mine-related signature.
The objective of the present study was to observe the different mobility conditions of trace elements, such as Cu, Pb and Zn in subcatchment areas of the Guadiana River basin and evaluate the resulting anomalies in the catchment areas.
To achieve these goals, soil and sediment samples were analyzed, being upstream versus downstream-related soil and sediment samples selected from the catchment areas. A comparison was made between catchments with or without mines. Sediment samples were also collected in the biggest water bodies like the Guadiana River and the Chança dam to compare their sediment elements concentrations with those collected in the main river, where water is flowing. High and low flow of water conditions in the Guadiana River basin was also tested by two seasonal sampling along the river.
Description of the study area
The Guadiana River rises in the Ruidera lagoons in the Campo de Montiel plain at 1700 m a.m.s.l. and flows 801 km to the Atlantic Ocean. The last 110 km forms the border between Portugal and Spain. In Spain the Guadiana River catchment extends in an E-W direction whereas in Portugal it runs N-S. The river is divided, from the morphological point of view, in five distinct sections: Alto Guadiana or Ruidera lagoons, the Miocene aged Mancha plain, "Monte do Toledo", Central Extremadura and finally the Portuguese section (Feio, 1951) . The study area is located in the lower section of the catchment basin running N-S down to the mouth of the river (Fig. 1) . The Guadiana River Basin occupies a total area of 66850 km 2 in Spain and Portugal, of which 8350 km 2 includes and corresponds to a part of the Iberian Pyrite Belt (IPB); one of the world's most important provinces for volcanogenic massive sulphide deposits (Leistel et al., 1997; Ribeiro et al., 1990) . The IPB consists of three main groups of rocks. The oldest formation, the Phyllite-Quartzite (PQ) Group (Upper Devonian) is made up of a thick sequence of sandstones and shales. The Upper Devonian is also represented by the Atalaia and Duque formations of quartzwackes, quartzites and phyllites, overlain by the Volcanic Sedimentary Complex (Upper Devonian). This group hosts the massive sulphide deposits and consists of volcanic rocks and metal-rich shales. Both Devonian sequences are overlain by unmineralized Carboniferous shales and sandstones of the Culm Sequence that covers most of the southern part of the Lower Guadiana Basin. The study area also includes the Pulo do Lobo Group (Lower Devonian) (Oliveira, 1990) .
Near the Guadiana River mouth the Paleozoic formations change into sediments of the Meso-Cenozoic Algarve basin represented locally by: Triassic sandstones and volcanic rocks; Jurassic limestones; Miocene sandstones, Holocene beaches and wetlands.
The Paleozoic rocks between Ayamonte and Huelva are covered by detritical sediments of Tertiary-Quaternary age (Leyva and Ramirez, 1979; Salazar Rincón, 2006) . Vermelha formation is a thin formation that consists of low angle alluvial cones draining in a general ENE-WSW orientation. The source of these sediments may be the nearby IPB or from further upstream which have been deposited along the Cadiz Gulf (Leyva and Ramirez, 1979; Salazar Rincón, 2006) . Fig. 1 represents the geological setting of the region.
Methodology
Soils and sediments sampling was carried out in three small areas on the west side of the basin in Portugal and one big area (900 km 2 )
in the east side of the basin in Spain. To observe if the areas were uniformly sampled in each sub-area, a χ 2 test was performed. This way, the observed points correspond to the sampling sites. The sub-areas, divided in equal parts, were expected to have the same sampling sites. This calculation is given by Davis (1986) :
O Number of observed sites; E Number of expected sites given by the formula: E = total of sampling sites/number of sub areas Degrees of freedom is υ
For two degrees of freedom, there were four sub-areas of 232 km Chemical analysis of soils and sediments were performed after drying at less than 40°C, sieving at less than 2 mm and milling, using Instrumental Neutron Activation Analysis (INAA) (As, Au, Ba, Br, Ce, Co, Cr, Eu, Fe, Hf, Hg, Ir, La, Lu, Na, Nd, Rb, Sb, Sc, Se, Sm, Sn, Ta, Th, Tb, U, W, Yb) and Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) after digestion by HCl + HNO 3 + HF + HClO 4 for the elements Ag, Al, Be, Bi, Ca, Cd, Cu, K, Mg, Mn, Mo, Ni, P, Pb, S. Sr, Ti, V, Y and Zn. Soil pH was measured in water suspension (1:2.5 w/v) and organic carbon by wet combustion.
Quality control for soil chemical analyses consisted of analytical replicates where no significant deviation original-replicate measurement (ratio between 0.8 and 1.2). Certified Reference Materials (CRMs) where used for INNA analysis (DMMAS) where six repetitions were made and the accuracy (1) was higher (R b 5%) for Au, As, Co, Cr, Fe, Sc, La, Sm.
where: μ standard value given by the laboratory, X mean of determinations;
CRMs for ICP-OES analyzed elements were determined with several reference materials and one reading for each relation between certified value and measured value was good (0.85-1.1) for all elements, except for Al and P. Elements such as Ag, Cd, Bi, Be and Mo with low concentrations were not considered due to below detection limit values measured in the reference materials. In Method Blank analyses no value was reported equal or above detection limit.
The samples from upstream soils and sediments and the corresponding downstream sediments were identified and selected in a GIS mapping operation, using the criteria that only the nearest ones were selected (Fig. 2) . The objective was to observe mean and median values of the upstream samples compared with downstream ones. Mineralization in the catchment area and samples collected in dams and in the Guadiana River were identified because they indicate element concentrations transported to the main river bed or retained in big dams. Soil characteristics such as pH and organic matter influence the mobility or capture of elements in soils and these parameters were included in the soil set of parameters. Sediment variations in concentration of certain elements were also observed by sampling in high and low flow of water in the Guadiana River, called winter and summer sampling at seven sites along the river from Chança dam to the estuarine sediments of the river mouth. One exercise was tested by selecting two samples collected in Chança reservoir near the base metal mines of S. Domingos on the Portuguese side and Vuelta Falsa and Trimpancho Group of mines on the Spanish area and two samples collected downstream from the previous two samples to evaluate the behavior of sediment concentrations near or far from large water bodies.
Basic statistics were calculated to evaluate the behavior of the total population of soils and sediments. Sediments were normalized with Al concentrations to attenuate the effect of grain size. Several methods are usually tested to normalize trace elements in the sediments catchments. Conservative elements such as aluminium and iron are usually used because they are also, after silica, the most abundant and with the proportions in general constant in the Earth's crust (Taylor, 1964; Turekian and Wedepohl, 1961) . Aluminium is a major component of the clay minerals, usually aluminosilicate minerals. To meet sufficient requirements for using Al as the normaliser in the present study normally distributed sample data were needed, which was assessed by log transformation, when necessary, of uncontaminated sediment samples, which was determined when comparing upstream-downstream sediments. Linear correlation between the metals and Al needs to be elevated, this was not achieved for Al, but the same exercise was done for Fe and Sc which were low as well. Therefore, and under the different conditions, Al seemed to be the best option for normalization. The statistical methodology used is based on the assumption that data are normally distributed. Histograms and probability curves were drawn to evaluate the normality of the populations of chemical elements. Logarithmic transformations were later performed on the variables that were not normally distributed. The means were compared using a Student t-test (p b 0.05) to prove whether the variables between upstream and downstream soils and sediments were different or not. The Student t-and Levene's tests were conducted to assess the homogeneity of the variance. If the p-value of Levene's test is less than the critical value, the null hypothesis of equal variances is rejected and there is a difference between the variances in the population. Statistical treatment of data was performed using Statsoft STATISTICA 6.0 software.
Results and discussion
The study of the total set of soils (355) and sediments (191) concentrations of the elements Al, As, Ba, Br, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, and Zn, without observing upstream -downstream relations, show that median concentrations are, in general, higher in sediments, except for Ba, Co, Cr, Fe, K, Ni and Ti (Tables 1 and 2 ). Soil and sediment samples had, respectively, two and three times higher elements concentrations than the crustal mean values and metasedimentary rocks in general (Levinson, 1980) . Lead concentrations are between 13 and 29 times higher than crustal values. Arsenic concentrations are 40 times higher than crustal values in soils and 2.5 times higher than sediments. Zinc, Br and Mn are also higher than crustal values and Zn is lower than metasediments. Barium, Co, Cr and Ti have similar concentrations to the crustal mean values and Ni has lower concentrations than the crustal mean (Levinson, 1980) . The results obtained for soils in this study were lower than the results for the Spanish side of the called South Portuguese Zone for As, Cu, Pb and Zn (Galán et al, 2008) .
The mean organic carbon content of the analyzed soil samples was 13.3 g kg − 1
. The organic carbon content analyzed and compared with concentrations in other regions corresponds to the lowest concentrations mapped in soils across Portugal and Spain (Jones et al., 2004) . Organic carbon is low and may not be responsible for the retention of the chemical elements in the studied soils. On the other hand, the soils have a mean pH of 5.55, which is rather acid and helps the mobilization of elements such as Cu, Zn and even less mobile elements such as Pb (Nriagu, 1990; Wilson and Bell, 1996) .
When the relations between upstream soils and downstream sediments are established, the mean concentrations are higher in upstream soils for Co, K, Mn, Ni, Pb and Ti and higher in downstream sediments for Al, As, Ba, Br, Ca, Cr, Cu, Fe, Mg, Na, Zn (Table 3) . The median values are higher in the upstream soils only for Co, Cr, K, Mn, Ni, and Ti, and the remaining elements Al, As, Ba, Br, Ca, Cu, Fe, Mg, Na, Pb and Zn, have the highest median concentrations in the downstream sediments. Olade (1987) and Hall et al. (2001) reported that geochemical cycles of Pb were slower compared with those of Zn and Cd being their chemical forms different and consequently their mobility characteristics. The above cited authors demonstrated that the mobility from soil to sediments takes more time for Pb than for Cd and Zn. These observations are in accordance with the present study where mean Pb concentrations are higher in upstream soils than in downstream sediments as was already observed by Batista et al. (2010) . Upstream sediments have the highest mean concentrations of most elements, except for Al, As, Ca and Fe whose mean concentrations are higher in downstream sediments (Table 3) . Median concentrations of Al and Br are also higher in downstream sediments when compared to upstream sediments (Table 3) .
Mean concentrations of Al, As, Br, Cu, Mg and Ti were significantly different (Student t-test) between upstream soils and downstream sediments (Table 4 ). The Student t-test made on the upstream sediments and downstream sediments, show no significant differences of Al, As, Ba, Br, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, Zn to the given p b 0.05 (Table 5 ). The differences in downstream sediment chemistry from upstream soils chemical elements concentrations (Table 4 ) and similarities to upstream sediments (Table 5) are probably related to similar physical-chemical behavior between sediments but not between sediments and soils.
Mobility probably occurred for elements such as Al, Ba, Br, Ca, Mg, Na and Zn where their concentrations are higher in sediments from the main Guadiana River bed than in the effluent stream sediments downstream the mines areas. Aluminium, Ba, Br, Ca, Mg and Na river bed sediments concentrations are even higher than in soils in the mine catchment areas (Table 6 ). Elements such as As, Cu, Fe and Pb have higher concentration in soils in the mine catchment areas than in Guadiana river sediments but As, Fe and Pb have much higher concentrations in the downstream sediments in the mine's catchment.
The mechanism that controls the mobility of Al and Fe can be associated with Eh-pH seasonal variations that facilitate the solubility or the precipitation of Fe and Al bearing minerals such as oxyhydroxides (Violante et al., 2010) . In the case of Al, the reason for elevated concentrations in Guadiana River sediments may be due to fine grain size of sediments, mainly coming from shales weathering materials or soils from the river basin. Iron variations in the water flow in smaller affluent streams can reflect precipitation-dissolution of Fe oxyhydroxides that could also incorporate Pb and As.
Concentrations of chemical elements observed in the sediments samples collected near or far from mines within the Chança dam area show that near S. Domingos mine (559SD09), the closest sample collected in the Chança dam area had higher concentrations of As, Cu, Fe and Pb (Table 7) . This sample showed lower concentrations of Al, Mn, Ti and Zn than the sample collected downstream from the previous one in a large water body (567SD01) ( Table 7 ). In the sample taken closer to the Spanish mines in the Chança reservoir, concentrations of Al, As, Fe, Mn, Pb and Ti were higher and Cu and Zn were lower than the concentrations of the same elements in the sediment sample collected downstream the reservoir (Table 7) . The observed results of this exercise, although restricted to the present sample locations, indicate that concentrations of the chemical elements in sediments are dependent on the proximity of the mines.
The variations of water flow may also influence mobility of chemical elements in sediments. This fact was tested and can be observed in Fig. 3 . Comparison of summer and winter samples show that, in general, Cu, Pb and Zn are higher in sediments in winter time. This is a consequence of the high water flow that removes fine particles deposited on river bed or banks or solid phases precipitated during calmer periods, moving high contents of metals from the source sites to the downstream sediments. The highest summer and winter concentrations of Cu, Pb and Zn were found in the old mine harbor at Pomarão, where ore, spilt when ships were loaded these, may still be reflected in the sediments of this harbor (Batista et al., 2010) . Near the mouth of the Guadiana River different behavior was observed; Zn concentrations were higher in summer time than in winter and Pb was higher in winter than in summer time. Lead concentrations can be related with different sources, such as traffic, industry and mining (Batista et al., 2007; Company et al., 2008; Delgado et al., 2011; Pérez-López et al., 2010) .
In the near coastal area (mouth of Guadiana River) where fresh water meets salt water, the physical-chemical differences between them may force precipitation of elements that were in the water solution, as could be the case of Zn. This process, along with the complex sedimentation regime due to the tidal environment, contributes to the sediments increase in Pb and other chemical elements, whatever their origin. Soils collected near the river mouth were developed mainly on alluvial materials and are not very different from the sediments (Batista et al., 2007; Delgado et al., 2011) , this way, it is difficult to perceive the potential mobility between both compartments.
Conclusions
Median concentrations of chemical elements were, in general, higher in sediments, except for Ni, Ba, Co, Cr, Fe, K and Ti, than in soils collected in the Lower sector of Guadiana River basin.
When upstream soils were related with downstream sediments median concentrations of Co, Cr, K, Mn, Ni, and Ti were higher in the upstream soils than in downstream sediments. However, the remaining elements (Cu, Zn, Al, As, Ba, Br, Ca, Fe, Pb, Mg and Na) had the highest median concentrations in the downstream sediments.
Concentrations of Cu, Pb and Zn in sediments in winter were higher than in summer due to the dissolution of previously precipitated solid phases in stream beds in the summer period. Fine contaminated particles in soils of mining areas located upstream can also contribute to the high concentrations of those elements in sediments as they can be mobilized, in suspension by high water flow, and latter deposited in the downstream sediments.
Lead concentration in sediment samples collected in the Chança dam was higher near the mine sources, whereas Zn concentration was higher in sediments collected in the area downstream occupied by a bigger water body in the Chança dam. Zinc showed higher mobility than Pb, being mainly accumulate on downstream sediments. Near the mouth Cu, As, Pb and Zn concentrations were higher probably due to different sources not just mining and the interaction of fresh with marine water that forced precipitation.
Zinc was the element that showed the highest mobility in the Lower sector of Guadiana River basin, especially if compared to Pb. Aluminium mobility seemed to be dependent on the grain size of the particles where it was included. Variations on the mobility of Fe, Mn and Ti might be related to water flow, temperature, dissolution and precipitation conditions. Concentrations of elements such as As, Cu and Pb were more related with the sulphide mineralizations proximity although Pb proved to be consistently the less mobile.
